This cross-sectional and exploratory study aimed to compare motor performance and electroencephalographic (EEG) attention levels in children with developmental coordination disorder (DCD) and those with typical development, and determine the relationship between motor performance and the real-time EEG attention level in children with DCD.
Introduction
Developmental coordination disorder (DCD) is a rather common movement disorder among primary school-aged children; its prevalence rates range between 6% and 10% worldwide. [1] The motor impairment of children with DCD (e.g., marked delays in achieving motor milestones, movement clumsiness, poor performance in sports, or poor handwriting) inevitably interferes with their activities of daily living and academic achievement. The motor impairment is not due to any general medical condition and does not meet the criteria for a Pervasive Developmental Disorder (e.g., Asperger's disorder or autistic disorder). [1] Due to its negative impact on daily activities and academic performance, this developmental motor disorder-DCD-has received a great deal of attention from researchers and clinicians over the years.
Several studies have investigated the sensorimotor contribution to motor clumsiness in children with DCD, [2] [3] [4] but relatively fewer studies have investigated the mental and behavioral contributions to motor performance in this group of children. [5, 6] However, children born with DCD have a high prevalence of mental-behavioral disorders such as attention deficits. [7] It is therefore crucial to understand the possible effects of attention on motor performance in children with DCD.
DCD is a heterogeneous condition. About 50% of children with DCD also have a diagnosis of attention deficit hyperactivity disorder (ADHD). [8] Even those without a formal diagnosis of ADHD, they demonstrate more attention problems in daily life than children with typical development. [6] It is known that attention could influence neuromuscular performance such as motor unit recruitment pattern. [9] So, it is possible that attention might also affect motor performance.
In fact, a number of studies have attempted to establish the link between motor abilities and cognitive functions (executive functions including attention) in children with and without developmental disorders. [10] [11] [12] For example, Alesi and her research team found that with an improvement in motor skills after physical training, executive functions (attention) improved correspondingly in a group of children with typical development. [10, 11] The same motor-cognitive connection was observed in children with atypical development (Down syndrome). [13] This connection could actually be explained by the neural underpinnings of movement and cognition. During the acquisition and execution of motor skills, coactivation of prefrontal cortex (a key structure for performing executive functions), cerebellum, and basal ganglia (key structures for movement control) was observed in children with normal development. [14] As children with DCD have atypical activation of the cerebellum and basal ganglia during movements, [15] it is plausible that their executive functions including attention would also be affected. However, to date, evidence supporting this motor-cognitive relationship in children with DCD is scarce. [5, 6, 16] To the best of our knowledge, only 3 research groups have studied the motor-cognitive relationship in children with DCD thus far. Leonard et al [16] reported that both executive functioning and motor performance are inferior in children with DCD compared with typically developing controls. However, they did not measure attention specifically. The other 2 studies have explored the direct link between attention/inattention and motor performance deficits in children with DCD. [5, 6] Piek et al [5] invited the DCD participants' parents to complete the Child Behavior Checklist (CBC) and used the McCarron Assessment of Neuromuscular Development to assess the participants' motor performance. They concluded that inattention problems may have an influence on the motor performance variability in children with comorbid DCD (and ADHD). A study by Wilmut et al [6] also reported that children with DCD had deficits in the allocation of attention for voluntary actions. By measuring eyehand movement latencies, the authors concluded that attention disengagement might contribute to visual-motor integration and motion problems in children with DCD. All these evidences collectively suggest that attention may play a significant role in motor performance in children with DCD.
Although both of the aforementioned studies agreed that inattention could be associated with inferior motor performance in children with DCD, these studies measured attention or inattention indirectly using a parent questionnaire or by tracking the child's eye movements. [5, 6] A direct measurement of attention or inattention during motor tasks is necessary to confirm the results.
No research group has yet directly measured attention and inattention in children with DCD by capturing brain waves using electroencephalography (EEG). In addition, no study has measured attention levels during motor tasks in children with DCD. Because attention fluctuates from task to task, instantaneous EEG recording during motor tasks is perhaps the best method to establish a link between attention and motor performance. [17] This study aimed to compare the motor performance and the corresponding EEG attention levels in children with DCD and those with typical development and determine the relationship between motor performance and EEG attention level in children with DCD. It was hypothesized that attention level during motor tasks and motor performance would be significantly different between children with DCD and controls, and that attention level would be significantly associated with motor performance in the DCD population.
Methods

Participants
This was a cross-sectional and exploratory study. The sample size was calculated using G * Power version 3.1.0 (Franz Faul, University of Kiel, Germany) on the basis of an alpha level of 0.05 (2-tailed) and statistical power of 0.8. According to Dewey et al [7] , the effect size was 0.77 for the attention scores. Therefore, the minimum sample size needed to detect a significant difference between the groups in the major outcome measure of "attention" was 28 for each group (objective 1). Regarding the regression analysis (objective 2), a previous study [5] and our pilot trial suggested a large effect size (F 2 = 0.56). So, a minimum sample size of 29 children with DCD was required to detect a significant association between the level of attention and motor performance, after accounting for the effects of age, sex, body mass index (BMI), and physical activity level (i.e., a total of 5 predictors).
Children with DCD and children with comorbid DCD and ADHD were recruited from local child assessment centers, primary schools, a nongovernmental organization (Heep Hong Society), parents associations, and physiotherapy clinics by convenience sampling. The inclusion criteria were a diagnosis of DCD based on the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV-TR) [1] ; a gross motor composite score of 42 or lower on the Bruininks-Oseretsky Test of Motor Proficiency [18] and/or a percentile score of less than 5% on the Movement Assessment Battery for Children (MABC) [19] ; a total score of less than 46 (5-7 years 11 months of age), less than 55 (8-9 years 11 months of age), or less than 57 (10-15 years of age) on the 2007 version of the DCD questionnaire. This parent-report questionnaire aims to assist in the identification of DCD in children. It consists of 15 items and the parent rated the child's motor performances such as catching and throwing a small ball on a 5-point Likert scale [20] ; age between 6 and 10 years; and attendance at a mainstream primary school. The exclusion criteria were a formal diagnosis of an emotional, cognitive, behavioral (comorbid DCD and ADHD, suspected autism spectrum disorder, or dyslexia were acceptable), neurological, or other movement disorder; significant congenital, musculoskeletal, or cardiopulmonary disorders that might affect motor performance; active treatments such as physiotherapy training; demonstration of excessive disruptive behavior; and an inability to follow instructions.
Children with typical development were recruited from local primary schools and the community through advertisement with posters and a website. These children had no history of DCD or ADHD, scored greater than 15% on the MABC, [19] were between 6 and 10 years of age, attended a mainstream primary school, and did not meet any of the exclusion criteria above. Screening was performed by 2 experienced physiotherapists using the above criteria before the actual testing to ensure that all participants were eligible to join the study.
Ethical approval was obtained from the Human Research Ethics Committee of the University of Hong Kong. The study was 2 . The physical activity level, in metabolic equivalent hours per week, was estimated on the basis of exercise intensity, duration, frequency, and the assigned metabolic equivalent value of the activity according to the Compendium of Energy Expenditures for Youth. [21] In addition, parents were invited to fill in the DCD questionnaire 2007 version during the screening process. The total score was then calculated. Higher scores generally indicate a better parental perception of the participant's motor skills. [20] 2.2.2. Motor performance: Movement Assessment Battery for children. The MABC was used to assess and quantify the motor proficiency of the participants because it is a standardized, well-validated, and reliable instrument for the measurement of motor performance in 4-to 12-year-old children. [19, 22] It consists of 8 motor tasks for each of 4 age bands (i.e., 4-6, 7-8, 9-10, and 11-12 years). The 8 tasks are divided into 3 domains: manual dexterity, ball skills, and static and dynamic balance. The manual dexterity tests include a number of fine motor tasks such as placing or shifting pegs, threading lace or beans, and drawing a continuous line following a bicycle or flower trail. The ball skills tests include, for example, bouncing and catching a tennis ball, throwing a bean bag, and rolling a ball into a goal. The balance tests include primarily gross motor tasks such as balancing on one leg, jumping over a cord, hopping in squares, walking with the heels raised, and heel-to-toe walking. The detailed assessment procedures of each task are described in the study by Henderson and Sugden. [19] Each participant was assessed with the appropriate age-band tests. The raw scores for each test item were summed to obtain a total impairment score (TIS). The raw scores of the 3 manual dexterity domain items, the 2 ball skills domain items, and the 3 balance domain items were also summed to obtain subscores for manual dexterity, ball skills, and balance, respectively. A lower score generally represents better motor performance. [19] The TIS and the 3 subscores were used for analysis.
2.2.3. Attention: prefrontal cortex electroencephalographic recording during MABC. Before the MABC began, each participant was asked to completely remove any hair from the forehead, clean the forehead region with an alcohol swab, and remove any earrings. The research assistant then helped the participant to put on a Mindwave Mobile EEG headset (NeuroSky Inc, USA). The EEG activity of the prefrontal cortex was recorded continuously during each task of the MABC. [19] Direct EEG measurement using the commercial NeuroSky EEG device was chosen because it is easy to use (feasible in children) and it provides accurate and instantaneous measurement of attention in children. The derived attention-level index is significantly correlated with the self-reported attention level in young people (r = À0.391; P = 0.022) [23] and duration of gaze fixation in children with DCD (r = 0.648; P = 0.002). [24] Indeed, our recent study showed that this single-channel EEG device can accurately measure attention level in children with DCD. It has good concurrent validity, convergent validity, discrimination validity, and known-groups validity, and the attention-level index was not significantly influenced by eye blinking artifacts. [24] Each EEG recording was carried out using the same Mindwave Mobile headset. It incorporates a dry active electrode that was placed on the left side of the forehead (position Fp1, according to the International 10-20 System of electrode placement) [25] and a reference electrode that was clipped to the participant's left earlobe. [26] An elastic band and adhesive tape were applied to ensure that the active electrode was in constant firm contact with the Fp1 region during the different activities of the MABC. During recording, the electrical potential from the prefrontal region was supplied directly to the embedded chipset for analog filtering with band-pass (0.5-30 Hz) and notch filters to eliminate electrical noise at 50 Hz. Known noise frequencies, such as those caused by eye blinks and extraocular or muscular activity, were eliminated automatically using proprietary algorithms. The analog data were converted into a digital format in the headset circuit board and transmitted via Bluetooth to the NeuroView data acquisition software (NeuroSky Inc, USA), which was installed on a notebook computer. [26] The NeuroView data acquisition software can convert raw prefrontal cortex EEG signals to an attention-level index using a preconfigured proportion of EEG alpha (8-12 Hz), beta (12-30 Hz), theta (4-7 Hz), and delta (0.1-3 Hz) activities, which is also part of the proprietary information of the software. [26] The index ranges from 0 to 100, and the scores were generated and recorded for every second of EEG recording (i.e., if the EEG recording lasted for 10 seconds, 10 attention-level indices were generated). This index provides a relative indication of the degree of attention, from very low (0-20), low (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) , and average (41-60) levels to moderate (61-80) and high (81-100) levels of mental concentration. [26] The attention-level indices (recorded per second) during each task period of the MABC were averaged to obtain an item attention index. If 2 trials were required for a particular task, the attention-level indices recorded during the second trial were used to calculate the item attention index. The item attention index (0-100) reflects the overall attention level during a particular task of the MABC. The item attention indices of the 3 manual dexterity tasks, the 2 ball skills tasks, and the 3 balance tasks were averaged to obtain the manual dexterity attention index, the ball skills attention index, and the balance attention index, respectively. These 3 domain-based attention indices (0-100) reflect the participants' overall attention levels during the manual dexterity tasks, the ball skills tasks, and the balance tasks and were used for analysis. In addition, the total attention index (0-100), which is the average value of the 3 domain-based attention indices, was calculated and used for analysis. Higher attention indices generally indicate a higher level of attention. [26] Note that children with DCD and ADHD were tested off medication.
Statistical analysis
The following statistical analyses were performed using IBM SPSS 20.0 software (IBM, Armonk, NY) and an alpha level of Fong et 
The normality of the data was checked using a Kolmogorov-Smirnov test and histogram. Continuous demographic variables were compared between groups using independent t tests and 1-way analyses of variance as appropriate, and the categorical variable (sex) was compared with a Chi-square test.
In the primary analysis of group data, an independent t test was performed to compare the MABC scores and EEG-derived attention indices between the DCD and control groups. To avoid an inflation of type I error, the level of significance was adjusted according to the number of between-group comparisons made (i.e., Bonferroni correction) in each category of outcome. Because a significant portion of the children in the DCD group had comorbid ADHD and because ADHD symptoms can possibly confound the results, [5] secondary analyses were carried out in which children with both DCD and ADHD (DCD + ADHD), children who had DCD but not ADHD (DCD -ADHD), and children with typical development (control) were analyzed separately. A 1-way analysis of variance was used to compare all of the outcome variables among these 3 groups. Post-hoc Bonferroni tests were used to identify the significant pairs as appropriate.
The degree of association between the MABC TIS and domain subscores and the corresponding EEG-derived attention indices was determined using the Pearson product-moment coefficient of correlation (r) for the DCD + ADHD and DCD -ADHD groups. Multiple regression analyses were then performed to identify the significant determinants of the TIS on the MABC among the children who had DCD with and without ADHD. The selection of the predictors was based on their biological and clinical relevance as well as the results from the bivariate correlations. First, age, sex, BMI, and physical activity level were forced into the regression model using the Enter method. Next, the EEGderived attention indices that were found to have a significant association (P < 0.05) with the dependent variable in the bivariate correlation analysis and were clinical relevant were entered into the model. A multicollinearity problem was checked using the tolerance approach and the variance inflation factor. Any predictor variables that had a tolerance value of less than 0.1 and a variance inflation factor of greater than 10 were not included in the same regression model.
Results
Participant characteristics
A total of 213 children were screened (DCD: n = 101 and controls: n = 112). Eighty-six children with DCD and 99 children with typical development were eligible and participated in the study. Twenty-nine of the 86 children with DCD (33.7%) also had ADHD. As expected, the children with DCD scored significantly lower on the DCD questionnaire (P < 0.001); they were 0.5 years older (P = 0.028), heavier (P = 0.026), and had higher BMIs (P = 0.026) than the children in the control group. In the ADHD-specific analysis, the 3 groups of children had comparable demographic characteristics (P > 0.05) except that both the DCD + ADHD and DCD -ADHD groups scored lower on the DCD questionnaire than the control group (P < 0.001). Detailed demographic data of the participants are presented in Table 1 .
Comparison of MABC performances
Children with DCD generally had higher TIS and domain subscores than children with typical development (P < 0.001; Table 2 ). Secondary analyses revealed that the DCD + ADHD and DCD -ADHD groups had higher TIS (P < 0.001), manual dexterity subscores (P < 0.001), and balance subscores (P < 0.001) than the control group. The 2 DCD groups had similar scores in the above items (P > 0.05). For the ball skills subscore, the DCD -ADHD group scored higher than the other 2 groups (P < 0.01), and the DCD + ADHD and control groups had similar scores (P = 0.465) ( Table 3) . Table 1 Characteristics of the DCD and control groups. Means ± standard deviations (SD) are presented unless specified otherwise. ADHD = attention deficit hyperactivity disorder, DCD = developmental coordination disorder. * P < 0.05 (2-tailed). † P < 0.001 (2-tailed).
Fong et al. Medicine (2016) 95:37 Medicine
Comparison of attention levels during MABC
The DCD group demonstrated lower attention indices during the MABC than the control group overall (P 0.001; Table 2 ). Secondary analyses revealed that the control group had significantly higher attention indices than the 2 DCD groups (P < 0.05) during all of the activities of the MABC. Children who had DCD with and without ADHD had similar total attention indices on the MABC and attention indices for the manual dexterity, ball skills, and balance tasks (P > 0.05) ( Table 3 ). Our results indicated that all children with DCD had lower attention levels during the tasks of the MABC, regardless of whether they had a diagnosis of ADHD.
Associations between MABC and attention indices
Because children who had DCD with and without ADHD performed differently in some domains of the MABC (Table 3) and because ADHD can possibly confound the results, [5] bivariate correlation analyses were carried out separately in these 2 groups of children with DCD. In children with comorbid DCD and ADHD, the TIS of the MABC was significantly correlated with the total attention index (r = À0.663 and P < 0.001). The domain subscores of the MABC were also significantly correlated with the corresponding attention indices (i.e., manual dexterity subscore of the MABC and attention index, r = À0.500 and P = 0.006; ball skills subscore of the ADHD = attention deficit hyperactivity disorder, CI = confidence interval, DCD = developmental coordination disorder, EEG = electroencephalographic/electroencephalography, MABC = Movement Assessment Battery for Children. * P < 0.01 (2-tailed). † P < 0.001 (2-tailed). Table 3 Post-hoc pairwise comparison of outcome variables between the DCD and ADHD, DCD with and without ADHD, and control groups. ADHD = attention deficit hyperactivity disorder, CI = confidence interval, DCD = developmental coordination disorder, EEG = electroencephalographic/electroencephalography, MABC = Movement Assessment Battery for Children.
* P < 0.05 (2-tailed). † P < 0.01 (2-tailed). ‡ P < 0.001 (2-tailed).
Fong com MABC and attention index, r = À0.492 and P = 0.007; and balance subscore of the MABC and attention index, r = À0.618 and P < 0.001).
In children who had DCD but not ADHD, the TIS of the MABC was also significantly correlated with the total attention index (r = À0.424 and P = 0.001). Similarly, the domain subscores of the MABC were significantly correlated with the corresponding attention indices (i.e., manual dexterity subscore of the MABC and attention index, r = À0.481 and P < 0.001; ball skills subscore of the MABC and attention index, r = À0.270 and P = 0.042; and balance subscore of the MABC and attention index, r = À0.453 and P < 0.001).
Determinants of MABC total impairment score
Because the strength of the relationship between the total attention index and the TIS of the MABC (magnitude of r) was different between the 2 DCD groups and because ADHD is a possible confounding factor, [5] separate regression analyses were performed to identify the determinants of the TIS of the MABC in the children with DCD and ADHD (Table 4 , model a) and children who had DCD but not ADHD (Table 4 , model b). In both models, the total attention index was used to predict the TIS of the MABC after adjusting for age, sex, BMI, and physical activity level. The total attention index remained independently associated with the TIS of the MABC after controlling for these factors (Table 4 , model a: Fchange 1,18 = 9.276, P = 0.007; Table 4 , model b: Fchange 1,40 = 7.476, P = 0.009). The total attention index alone explained 17.5% of the variance in the TIS of the MABC in children with DCD and ADHD (Table 4 , model a) and 14.1% of the variance in the TIS of the MABC in children who had DCD but not ADHD (Table 4 , model b).
Discussion
The results show that children with DCD with and without comorbid ADHD generally had poorer motor performance than the children in the control group. This finding was expected because difficulty with movement is one of the diagnostic criteria of DCD. [1] Possible causes include cerebellar and basal ganglia dysfunctions, disruption of the cerebello-cerebral network and sensory-motor deficits that may adversely affect muscle force output, reaction time, [5] execution of planned actions, visualspatial cognition, [27] sensory organization of balance control, [2, 3] and hence motor performance in functional activities.
To the best of our knowledge, this is the first study to show that children with DCD, regardless of the presence of comorbid ADHD, had lower attention levels during the MABC tasks. Our finding is basically in line with our hypothesis and previous studies that have shown that children with DCD scored higher on the attention subscale of the Child Behavioral Checklist, indicating that they were less attentive in general than their peers with typical development. [7, 28] A recent neuroimaging study provided an explanation for this observation. Compared with children with typical development, children with DCD with or without ADHD exhibit alternations of functional connectivity between M1 and several brain regions involved in motor functioning (e.g., insular cortices, caudate, putamen, globus pallidus, and inferior frontal gyrus). Abnormal connectivity between these different brain regions may contribute to the attention difficulties in this group of children. [29] Further neuroimaging studies may analyze children with DCD with and without ADHD separately because these 2 types of disorders may not have the same cause.
This novel study evaluated the real-time attention level of children with DCD during gross and fine motor tasks with EEG technology. The results support our hypothesis and revealed that greater mental focus during the functional tasks of the MABC was positively associated with better motor performances in these children. Our results are not surprising. Early in 2004, Piek et al [5, 30] suggested that inattention problems in children with DCD and comorbid ADHD, as measured by the attention subscale of the CBC, may have a negative influence on their gross and fine motor performance. Other studies have also hinted that attention is essential for gross motor performance. [6, 31, 32] For example, Laufer et al [32] and Cherng et al [31] reported that when Table 4 Multiple regression analyses for determining MABC total impairment score in children with DCD and ADHD (model a); and children with DCD and without ADHD (model b). children with DCD were distracted with a cognitive task while standing and walking, their postural sway [32] and walking pattern [31] were compromised. Regarding attention and fine motor performance, Wilmut et al [6] found that attention disengagement, as measured by the latencies of eye-hand movements, may contribute to problems of visual-motor integration and thus movement accuracy and reaction time in a look-and-hit task in children with DCD. In addition, a previous neurophysiological study showed that when attention was directed toward a motor task, beta-range cortico-muscular synchronization occurred, which indicates a close connection between attention and motor performance. [33] All of this evidence is, in principle, consistent with our current finding that attention is significantly correlated with motor performance.
Predictors
Our regression analyses further showed that attention made a greater contribution to motor performance in children with comorbid DCD and ADHD (17.5%) than in children with DCD alone (14.1%). It is also a more important predictor of motor performance in children with DCD and ADHD than in children with DCD alone. Thus, our results imply that improvement in attention is particularly important to the improvement of motor performance in children with comorbid DCD and ADHD.
The link between attention and motor performance has been established, but the underpinning neurological mechanisms are not thoroughly understood. Neuroimaging studies in healthy individuals have shown that multiple brain regions and networks are routinely recruited by attentional tasks. These include the visual, left parietal and frontal (primary motor) cortices, the prefrontal regions, and frontoparietal network. [34, 35] In addition, a recent study used functional magnetic resonance imaging to show that subarea 4p (posterior) within the primary motor cortex was distinctly engaged in the control of attended action. [36] Some of these regions that are responsible for attention are also important for motor control (e.g., the primary motor, parietal, and prefrontal cortices). [37, 38] Disruption in these areas might result in both mental and movement disorders. Certainly, further neuroimaging and neurophysiological studies in children with DCD are necessary to confirm this postulation.
This study has clinical implications for the assessment and management of children with DCD. First, our results indicate that when the MABC is used to assess motor proficiency in children with DCD, the assessor should encourage the child to mentally attend to the motor tasks so that accurate results can be obtained. Second, our results inform treatment. The current treatment strategy for improvement of motor performance in children with DCD focuses on the remediation of neuromuscular deficits by physical training, [39] and training in attention is not usually factored into the treatment. Our results suggest that a holistic treatment protocol that includes treatment for both attention and neuromuscular deficits should be devised to improve motor performance in this particular group of children.
This study has several limitations. First, this was a crosssectional exploratory study, and hence causality cannot be established. Second, our DCD participants were not homogenous. We did not perform diagnostic tests to exclude children with specific learning disabilities, emotional, and social problems. The presence of other comorbidities such as autism spectrum disorder, dyslexia, [40] and the different subtypes of ADHD (inattentive, hyperactive/impulsive, and combined) may have different effects on motor performance [41] and thus may confound the results. In addition, children with and without DCD presented different ages, weights, and BMIs. These could be confounding factors for the between-group comparisons of outcomes. Although using a heterogeneous sample may improve the external validity of the study, further studies should better take all the aforementioned confounding factors into account. Third, the EEG-derived attention index reported in this study cannot differentiate the different types of attentional processing such as selective attention and focused attention. Future studies better analyze the EEG frequency bands instead of a single attention index or use an event-related design (e.g., measure EEG signals at baseline vs EEG signals during motor execution) to study the neural mechanisms during motor tasks. Finally, the determinant of motor performance is undoubtedly multifaceted. Our regression models accounted for only 14.1% (DCD-ADHD) and 17.5% (DCD + ADHD) of the variance in motor performance. Future studies are needed to determine the relative contributions of attention and other sensori-motor deficits [2, 3] to the motor performance of children with DCD.
Conclusion
This study compared the motor performance and attention level in children with and without DCD and determined the relationship between motor performance and attention in the DCD population. Findings support our hypotheses and showed that children with DCD (with and without ADHD) demonstrated deficits in attention and motor control. Their inferior motor performance was associated with their lower level of attention during motor tasks. The results imply that a holistic rehabilitation protocol that includes treatment for both attention and motor deficits (e.g., EEG assisted attention-neuromuscular training or task-specific training) [42] should be devised to enhance overall motor proficiency in this particular group of children.
